A single catalase enzyme was produced by the anaerobic bacterium Bacteroides fragilis when cultures at late log phase were shifted to aerobic conditions. In anaerobic conditions, catalase activity was detected in stationary-phase cultures, indicating that not only oxygen exposure but also starvation may affect the production of this antioxidant enzyme. The purified enzyme showed a peroxidatic activity when pyrogallol was used as an electron donor. It is a hemoprotein containing one heme molecule per holomer and has an estimated molecular weight of 124,000 to 130,000. The catalase gene was cloned by screening a B. fragilis library for complementation of catalase activity in an Escherichia coli catalase mutant (katE katG) strain. The cloned gene, designated katB, encoded a catalase enzyme with electrophoretic mobility identical to that of the purified protein from the B. fragilis parental strain. The nucleotide sequence of katB revealed a 1,461-bp open reading frame for a protein with 486 amino acids and a predicted molecular weight of 55,905. This result was very close to the 60,000 Da determined by denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the purified catalase and indicates that the native enzyme is composed of two identical subunits. The N-terminal amino acid sequence of the purified catalase obtained by Edman degradation confirmed that it is a product of katB. The amino acid sequence of KatB showed high similarity to Haemophilus influenzae HktE (71.6% identity, 66% nucleotide identity), as well as to gram-positive bacterial and mammalian catalases. No similarities to bacterial catalase-peroxidase-type enzymes were found. The active-site residues, proximal and distal hemebinding ligands, and NADPH-binding residues of the bovine liver catalase-type enzyme were highly conserved in B. fragilis KatB.
In aerobic conditions, aerobic and facultative organisms preferentially utilize oxygen as a terminal electron acceptor (45) . As a consequence of the partial reduction of oxygen to water during microbial respiration, the reactive oxygen species superoxide anion (O 2 Ϫ ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (OH ⅐ ) are formed as intermediate compounds (20, 28) . In addition, superoxide anion and hydrogen peroxide may also be generated by autoxidation of dehydrogenases, catechols, thiols, flavins, and oxidases and by UV radiation (14) . Moreover, in the Fenton reaction, free hydrogen peroxide readily reacts with available metal transitions such as ferrous iron to form a more powerful and highly reactive oxidant, hydroxyl radical (28, 57) . Oxygen radicals are implicated in damage to membrane lipids, proteins, and DNA (33, 66) .
Microorganisms have developed efficient enzymatic and nonenzymatic mechanisms to eliminate the oxygen by-products along with synthesis of DNA repair enzymes, metabolic enzymes, and oxidative defense regulators (66) . Toxic O 2 Ϫ is eliminated by dismutation to H 2 O 2 by superoxide dismutase (20) , and accumulation of toxic H 2 O 2 is prevented by the action of catalases and peroxidases (29) .
On the other hand, in anaerobic conditions, generation of reactive oxygen species is thought not to be a problem because of the absence of oxygen, and the lack of protective mechanisms against oxygen toxicity in anaerobic bacteria was seen as an explanation for their sensitivity upon oxygen exposure (45) . Many studies have shown that anaerobic bacteria are not uniformly sensitive to oxygen, and there is a broad range of oxygen tolerance from species extremely sensitive to oxygen to those that are able to remain viable in the presence of oxygen for extended periods of time (16, 45) . It is believed that in some anaerobic bacteria, as in aerobic organisms, the presence of superoxide dismutase and catalase plays a role in the detoxification of oxygen by-products (45) .
Among the anaerobic bacteria, the opportunistic pathogen Bacteroides fragilis is one of the most aerotolerant species, and this aerotolerance may prove to be an important virulence factor. This is supported by the fact that clinical isolates of B. fragilis are more resistant to oxygen exposure than are fecal strains (56) . The former strains were able to survive in the presence of oxygen for 48 (56) to 72 (67) h, while the latter totally lost viability after 4 h of oxygen exposure (56) . These results suggest that a system directly related to oxygen tolerance may exist, and in fact, both superoxide dismutase and catalase have been found in B. fragilis (22, 74) .
Catalases are among the oxidative stress-starvation response proteins that have been extensively studied in aerobic bacteria, but much less is known about the enzymes in anaerobic organisms (39) . Catalase has been used as a biochemical tool for differential identification of Bacteroides species, and some researchers have suggested exposure of the bacterial cells to air before performance of the test (32) , indicating that activity is induced upon contact with oxygen. In contrast, Wilkins et al. (74) detected catalase activity in anaerobic growth without oxygen exposure.
In this report, we describe the isolation, cloning, and nucleotide sequence of B. fragilis catalase. Thus, this work is the first in a series of molecular studies aimed towards understanding the regulatory mechanism(s) that controls the enzymes responsible for aerotolerance in anaerobic bacteria.
P by random primer reaction with a commercial kit (Pharmacia LKB, Inc., Piscataway, N.J.). Hybridization was performed overnight at 65ЊC with 5ϫ SSC (1ϫ SSC is 0.015 M NaCl plus 0.015 M sodium citrate)-5ϫ Denhardt's solution-1% SDS-20 mM sodium PP i -100 g of fragmented salmon sperm DNA per ml. Probed nylon membranes were washed twice in 2ϫ SSC plus 0.1% SDS for 1 h each time and twice in 0.1ϫ SSC plus 0.1% SDS for 1 h each time at 52ЊC.
Cloning of catalase. Chromosomal DNA from B. fragilis 638 was partially restricted with Sau3AI, and fragments between 5 and 15 kb were collected by size fractionation on neutral sucrose gradients (3). A genomic library was constructed by ligating the Sau3AI fragments into the unique BglII site of a positive selector, pEcoR251 (65) . E. coli UM255 was transformed by electroporation (12) , and transformants were selected on Luria-Bertani agar containing 50 g of ampicillin per ml. Colonies were screened for catalase activity by applying a 3% H 2 O 2 solution to each agar plate and looking for the appearance of bubbles. Potential catalase-positive colonies were immediately streaked onto a new plate.
Production of nested deletions and DNA sequencing. Two catalase subclones, pFD567 and pFD568, bearing a 2.7-kb EcoRI-EcoRI fragment in both orientations were purified by CsCl density gradient centrifugation and restricted with SalI. The ends of the DNA were filled in with ␣-phosphorothioate deoxynucleotides by using the Klenow fragment (55) . The thio-protected plasmid DNAs were subsequently restricted with SmaI, treated with exonuclease III and S1 nuclease to obtain unidiretional deletions, ligated, and transformed into E. coli UM255 (31) . Transformants containing suitable-size deletions were identified and then sequenced with the reverse sequencing primer of pUC19. Sequencing was performed on double-stranded DNA templates by the dideoxy-chain termination reaction (59) with modified T7 polymerase (Sequenase 2.0; U.S. Biochemical Corp., Cleveland, Ohio). Five additional primers based on available sequence information were used to fill gaps in the existing sequence.
DNA sequence and database comparison. Computer analysis of nucleotide and amino acid sequence data was performed with the University of Wisconsin Genetics Computer Group DNA sequence analysis software (10) . Phylogenetic relationships were inferred by the parsimony method from a multiple amino acid sequence alignment generated by Pileup with the PHYLIP phylogeny inference package (version 3.5), and a consensus tree was constructed from 100 bootstrap replications.
Nucleotide sequence accession numbers. The nucleotide sequence of B. fragilis katB has been submitted to the GenBank database and assigned accession number U18676. Other sequences used for the analysis (together with their designations) and their GenBank accession numbers are as follows: B. firmus katA (Bacfi), M74194; B. stearothermophilus perA (Bacst), M29876 (44) 
RESULTS
Catalase activity in crude extracts of late-log-phase B. fragilis exposed to oxygen was significantly higher than in cells maintained in anaerobic conditions ( Table 1 ). The anaerobic activity was less than 0.02 U/mg of protein when chloramphenicol was added to the culture prior to harvesting. Without the addition of chloramphenicol, anaerobic catalase values ranged up to 1.4 U/mg of protein (data not shown). In contrast, after aeration for 1 h, catalase activity increased to 35.6 U/mg of a Chloramphenicol (100 g/ml) was added to the cultures just before the cells were harvested.
b Bacterial cells were exposed to oxygen for 1 h at 37ЊC. c Cells were not exposed to oxygen prior to harvesting. d NT, not tested.
protein. Late-stationary-phase cells also had an increased catalase activity of up to 6 U/mg of protein.
To investigate whether exogenous peroxide could induce catalase activity, 20, 50, 100, 200, 500, and 1,000 M hydrogen peroxide was added to late-log-phase cells at 1-h intervals. Samples analyzed during the course of hydrogen peroxide addition showed no significant increase in catalase activity (data not shown).
Purification of catalase. A rapid purification strategy using ion-exchange chromatography and electroelution from polyacrylamide gels provided a satisfactory yield of catalase and avoided longer enzyme manipulations. The results of this purification procedure are summarized in Table 2 . The purified native catalase from the bacterial crude extract on nondenaturing PAGE is shown in Fig. 1A .
Following PAGE, a single catalase activity component was detected in crude extracts of B. fragilis cells exposed to oxygen but not in cells maintained anaerobically (Fig. 1B) . Moreover, the purified catalase exhibited an electrophoretic mobility identical to that of the catalase from crude extracts. In addition, stationary-phase cell extract also showed the same electrophoretic pattern (data not shown), indicating that in both conditions, the catalase activity is probably due to a single enzyme.
To investigate if the purified catalase also has peroxidatic activity, native polyacrylamide gels of the purified protein were soaked in the presence of organic electron donor substrates and examined for peroxidase activity (Fig. 2) . A strong peroxidase activity towards pyrogallol was detected, as shown in Fig.  2A . A very faint band of activity also was observed when diaminobenzidine was used (Fig. 2B ). However, no activity was detected towards guaiacol ( Fig. 2C ) or when a mixture of 4-aminoantipyrine and 2,4-dichlorophenol was used as the substrate (data not shown).
Following denaturing SDS-PAGE of the purified enzyme, a major polypeptide band with an estimated molecular weight of 60,000 was observed. The purity of the isolated protein was determined by scanning the stained gel, and results showed that the catalase polypeptide was approximately 96% pure. This preparation was subjected to N-terminal amino acid analysis by Edman degradation. The first 20 amino acids were found to be MENKTLTAANGRPIADNQNS. The native protein molecular weight was estimated to be approximately 124,000 by nondenaturing PAGE (Fig. 3A) . A similar molecular weight of approximately 130,000 was determined by size exclusion HPLC (Fig. 3B) . Thus, the enzyme holomer is composed of two identical subunits.
The spectrum of the native catalase from B. fragilis is shown in Fig. 4 . A Soret band at 404 nm and minor peaks at 498, 552, 575, and 623 nm were present. Addition of 2 mM sodium dithionite caused a decrease but not a shift in the Soret band and disappearance of the bands in the visible region but the appearance of a peak at 635 nm. The reduced pyridine hemochrome exhibited a shift in the Soret band from 410 to 417 nm (Fig. 4, insert) . The spectrum in the visible region of the protoheme also shows two peaks at 521 and 554 nm, indicating that the hemochrome complex has an absorption spectrum similar to that of protoheme IX (13) . However, it yielded two minor peaks at 503 and 579 nm which are present in both the oxidized and reduced forms. On the basis of the heme content determined as pyridine hemochrome, it was estimated to be one protoheme IX molecule per dimer of the catalase. This low heme content correlates with the relatively low A 404 /A 280 ratio of 0.7.
Cloning of catalase. The gene library of B. fragilis 638 was screened in E. coli UM255, and several transformants able to decompose hydrogen peroxide were observed. Plasmid DNA from one of these clones, pFD566, restored catalase activity when transformed into naive E. coli UM255, confirming that expression of catalase was due to the presence of the plasmid. Restriction analysis of pFD566 showed that it contained a 6.6-kb insert DNA fragment (Fig. 5) .
Restriction fragments of pFD566 were subcloned into pUC19, and each construct was tested for the ability to restore catalase activity in E. coli UM255 (Fig. 5) . The construct pFD567 conferred catalase activity, suggesting that the catalase gene was located within a 2.7-kb EcoRI fragment. The cloned catalase gene, containing the P R promoter, was highly expressed in the host strain E. coli UM255, producing 494 U/mg of protein, while the strains tranformed with the host vector pUC19 alone showed a much lower activity of Ͻ0.08 U/mg of protein (Table 1) . Furthermore, the cloned gene expressed in E. coli UM255 also showed electrophoretic mobility identical to that of purified catalase. This strongly indicates that the cloned catalase gene from B. fragilis corresponds to the same enzyme detected and purified from the parental strain (Fig. 1B) . The catalase gene located on pFD567 is designated katB.
Nucleotide sequence of katB. The strategy for sequencing the 2.1-kb katB region is shown in Fig. 6 The deletion clones used for sequencing were examined for catalase activity in E. coli, and it was found that removal of nucleotides 1 to 64 had no effect on activity (clone R3-11), but when nucleotides 1 to 281 were deleted, removing 22 codons from the N terminus of katB (clone R5-24), catalase activity was no longer detected ( Fig. 6 and 7) . Deletion of nucleotides 1668 to 1956, containing three codons, from the C-terminal region did not affect activity (clone D1-1). However, catalase activity was lost when the last 21 codons for the C terminus (nucleotides 1612 to 1956) were deleted (clone D2-7). 
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Presence of the katB-specific sequence among Bacteroides species. Southern blot hybridization analysis was carried out to investigate whether the katB gene is homogeneously distributed among the members of the B. fragilis group. Chromosomal DNAs of several Bacteroides spp. were restricted with EcoRI, blotted onto nylon membranes, and then hybridized with the 0.79-kb SphI-SspI fragment of katB (Fig. 8) Comparison of amino acid sequences. The predicted amino acid sequence obtained for KatB was compared to other catalase sequences in the GenBank-EMBL/Swiss-Prot databases. When KatB was individually compared with other catalases, it showed the highest amino acid identity with H. influenzae catalase HktE (71.6% identity and 81.9% similarity). KatB also showed high similarity to catalases from the gram-positive bacteria S. venezuelae (56.1% identity), B. subtilis (55.6% identity), and L. sake (52.7% identity), as well as to the bovine (49.9% identity) and human (49.5% identity) catalases. No similarity to bacterial catalase-peroxidase-type enzymes such as E. coli hydroperoxidase I, S. typhimurium hydroperoxidase I, and R. capsulatus CpeA was found.
The identity between KatB and other catalases centered around important structural motifs. For example, comparison of bovine liver-type catalase revealed that residues involved in the active site of the bovine enzyme, His-74, Ser-113, and Asn-147 (17, 49) , were conserved in KatB at the His-54, Ser-93, and Asn-127 positions. Moreover, the proximal heme site which interacts with Pro-335, Arg-353, and Tyr-357 as ligands in bovine catalase was localized as Pro-315, Arg-333, and Tyr-337 in KatB. The five distal heme site ligands in bovine catalase, Val-73, His-74, Asn-147, Phe-152, and Phe-160, also were conserved, except that Val-73 was replaced by Met-53 in KatB (Fig. 9) . In addition, the NADPH binding site residues of the bovine catalase, Arg-202, Asp-212, Lys-236, and His-304 (18), seemed to be conserved in KatB as Arg-182, Lys-216, and His-284, but Asp-212 has been replaced by in KatB (data not shown).
The phylogenetic relationship between B. fragilis KatB and 15 bacterial catalases and 1 fungal catalase was determined from a progressive multiple alignment of the amino acid sequences followed by parsimony analysis (Fig. 10) . This comparison clearly shows two groups within the bacterial catalases. The first major group consists of catalases from both gramnegative and gram-positive bacteria which contain the consensus pattern residues of the active site and proximal heme ligand residues of typical catalases (17, 49 fragilis KatB and representative microbial catalases. This unrooted tree was constructed from a multiple alignment similar to that shown in Fig. 9 , except that additional catalases listed in Materials and Methods were included. The tree topology was obtained by use of the parsimony program (Protpars) of Felsenstein (15) , and the numbers represent how often the groups of species to the right of a fork occurred in 100 trees tested. See Materials and Methods for species designations.
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DISCUSSION
The human intestinal tract provides an anaerobic environment where both obligate and facultative anaerobic bacteria compete and survive (14, 16, 66) . Outside of the intestine, facultative bacteria such as E. coli and S. typhimurium are readily able to adapt to the reactive oxygen species that are formed during metabolism in the presence of oxygen or released from phagocytes as part of their oxygen-dependent killing defense mechanism (14, 66) . However, it is not clear how anaerobes such as B. fragilis adapt to oxygenated environments. B. fragilis is one of the most oxygen-tolerant anaerobes, and there is some suggestion that strains found in human infections are more aerotolerant than nonclinical strains (56, 67) . This suggests that there is an adaptive mechanism that protects them during an oxidative stress. Previous work (23) suggested that catalase is one of the important enzymes involved in the aerotolerance of some Bacteroides species. Thus, the studies described in this report were initiated to pursue a better understanding of the role catalase plays in the aerotolerance and oxygen response of the opportunistic pathogen B.
fragilis.
The results presented here show that the native KatB protein has an estimated molecular weight of 124,000 to 130,000 as determined by two methods, electrophoretic mobility and size exclusion HPLC. The subunit molecular weight determined by SDS gel analysis was 60,000, and this agreed closely with the 55,905 obtained from the predicted amino acid sequence. These results indicate that the native enzyme is composed of two identical subunits. The B. fragilis enzyme is similar in size to other dimeric catalases with molecular masses of 127,000 to 160,000 Da (11, 21, 36, 52) . Catalases containing two subunits have been found in S. venezuelae (36) , Comamonas compransoris (52) , Klebsiella pneumoniae kpA (21), and M. tuberculosis (11) . The spectrum of the hemochrome complex of the enzyme indicates that it is a hemoprotein containing a protoheme IX. Although the heme/subunit ratio of 1:2 is also found in other bacterial catalases (8, 9) , the low heme content may be due to the loss of heme during purification procedures (8) .
Even though our results showed that native KatB had strong peroxidatic activity with pyrogallol as the electron donor, the B. fragilis enzyme is more characteristic of typical catalases rather than the catalase-peroxidase enzymes for two reasons. The first is the lack of reduction by dithionite as seen in the native form of the protein (50, 62) . This may be due to the steric hindrance that does not provide access to the heme prosthetic group of the enzyme (62) . Secondly, comparison of the conserved motifs in the KatB amino acid sequence revealed that the heme-binding ligands and active-site residues are highly conserved with the true catalases, whereas the conserved active site and domains of peroxidases that are present in bacterial catalase-peroxidases (19, 73) were not identified in the B. fragilis catalase. The restricted peroxidatic activity associated with B. fragilis KatB is probably due to the nonspecific catalysis that occurs in typical catalases toward certain types of organic electron donor compounds (62) .
The KatB structural gene is 1,461 nucleotides long and encodes a protein of 486 amino acids. Multiple amino acid sequence alignments and parsimony analysis showed a strong relationship between KatB and a group of catalases containing mostly gram-positive bacterial and mammalian-type catalases (Fig. 10) . The relationship between Bacteroides genes (proteins) and those of gram-positive bacteria is not new (discussed in reference 64); however, a surprising observation was the 71% amino acid identity (66% nucleotide identity) with the H. influenzae HktE enzyme. Generally, Bacteroides spp. which are not closely related to other gram-negative eubacteria (72) share little homology with other species, with identities at the amino acid level of Ͻ40% most common. There is no obvious explanation for the high degree of homology between KatB and HktE, and a codon usage comparison of these two genes revealed that, while the codon usage patterns are similar, they are also closely aligned to representative genes from their respective species (data not shown). These results indicate that it is likely that there was a horizontal transfer of the catalase gene from a common gram-positive ancestor into both the anaerobe B. fragilis and H. influenzae.
Catalase (Fig. 8) . Some variation in the catalase gene region may exist within the species as observed between B. fragilis VPI 2393 (homology group II; 34) and the two homology group I strains ATCC 25285 and 638. Unfortunately, there are not many studies on the structure and composition of catalases from Bacteroides spp. that can be used for a comparison with B. fragilis KatB.
As mentioned above, catalase is likely to be involved in the aerotolerance of B. fragilis. Thus, it is not surprising that we observed a significant increase in catalase specific activity when cells were exposed to oxygen. On the other hand, addition of 20 to 1,000 M hydrogen peroxide to late-log-phase cells had no effect on catalase activity (data not shown). Although the peroxide may not have reached an intracellular concentration sufficient to induce a detectable response, our results suggest that an increase in the E h of the culture due to the peroxide is not sufficient for high catalase activities. These findings are in agreement with previous work showing that aerotolerance in anaerobic cultures is observed upon aeration (71) and molecular oxygen, but not an adverse oxidation-reduction potential, influences B. fragilis aerotolerance (53, 71) . We also observed increased catalase activity in stationary-phase cells, suggesting that catalase is synthesized as part of a strategy for surviving in starvation conditions. Consistent with this observation was the finding of Gregory et al. (26) that showed inhibition of catalase formation with addition of glucose to B. fragilis cultures growing in a peptone medium. The B. fragilis catalase response is, therefore, similar to E. coli hydroperoxidase II (encoded by katE) in the way that it is upregulated by oxygenation and stationary phase but not peroxides (39, 41, 70) . In E. coli, katE is regulated by the starvation-stationary phase stress regulatory system rpoS (katF) (38, 42) . In contrast, B. fragilis KatB has a strong identity (71%) with H. influenzae HktE. The latter, although it has 50% identity with E. coli KatE (5), is reported to be downregulated in stationary phase and upregulated by exposure to hydrogen peroxide under the oxyR-like regulatory system, similar to peroxide-inducible E. coli katG (5) . The regulatory system that might be involved in the regulation of B. fragilis katB should prove quite interesting and is presently under investigation. Further studies of catalase and its regulation will help us to understand, at the molecular level, the mechanisms by which aerotolerant pathogenic B. fragilis strains VOL. 177, 1995 BACTEROIDES FRAGILIS CATALASE 3117 respond to the anaerobic-aerobic-anaerobic shifts that may occur during the establishment of an infection.
